Charge detection in a bilayer graphene quantum dot 
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We show measurements on a bilayer graphene quantum dot with an integrated charge detector. 
The focus hes on enabhng charge detection with a 30 nm wide bilayer graphene nanoribbon located 
approximately 35 nm next to a bilayer graphene quantum dot with an island diameter of about 
100 nm. Local resonances in the nanoribbon can be successfully used to detect individual charging 
events in the dot even in regimes where the quantum dot Coulomb peaks cannot be measured by 
conventional techniques. 



I. INTRODUCTION 

Graphene exhibits interesting electronic properties 
such as high carrier mobilities and potentially long spin 
lifetimes which make this material a promising candidate 
for future quantum devices and quantum information 
technology in general |ll]. In particular single- and few- 
layer graphene quantum dot devices are expected to fea- 
ture weak spin orbit interaction and weak hyperfine cou- 
pling which is an advantage compared to state-of-the-art 
GaAs-devices [2|,|3[. However, the gapless band structure 
makes it hard to electrostatically confine charge carri- 
ers. This can be overcome by nanostructuring graphene, 
where it has been shown that a disorder-induced energy 
gap makes carrier confinement possible. Consequently, 
graphene nanoribbons (3-[l2j, single-electron-transistors 
(SETs) [iMl, graphene quantum dots (QD) (TUTsI 
even with charge detectors [l6|, [l9|, [20| and graphene dou- 
ble quantum dots [111, |22| have successfully been demon- 
strated. For gaining better control over the confine- 
ment bilayer graphene nanostructures are becoming of 
increasing interest since they may additionally allow to 
open a band gap by applying an out-of-plane electric 
field [23I, i2^]. This may reduce the influence of disor- 
der and localized edge states, which are found to limit 
single-layer graphene nanodevices. 

Here we present a bilayer graphene QD with an inte- 
grated nearby nanoribbon acting as a SET-like charge de- 
tector (CD). Charge detection techniques are in general 
useful to measure ultra-small currents, to detect individ- 
ual charging events and to read out individual spin-qubit 
states ^] . From a fundamental point of view charge de- 
tectors have also successfully been used for investigation 
of detailed electron tunneling statistics and for probing 
electron-electron correlations ^26|] . 



II. DEVICE FABRICATION 

The devices are fabricated by mechanical exfoliation 
of natural graphite by adhesive tapes [l^, [HI • The sub- 
strate material consists of highly doped silicon (Si++) 
covered with 300 nm of silicon oxide (Si02) in order 
to identify few-layer graphene flakes due to absorption 



and interference. Before deposition, reference alignment 
markers are patterned on the substrate to relocate the 
flakes for further processing and characterization. In par- 
ticular Raman spectroscopy measurements are used to 
identify bilayer graphene flakes [29|, [30|. The graphene 
flakes have to be structured to submicron dimensions in 
order to fulfill the device design requirements. We use 
a technique based on resist spin coating, electron beam 
lithography (EBL), development and subsequent etching 
of the unprotected graphene. We use an EBL resist [poly- 
methylmethacrylate (PMMA)] with a thickness of 80 nm 
and a short etching time to define the nanoscale struc- 
tures. We follow earlier work [13], where it has been 
shown that short (5 to 15 s) mainly physical reactive ion 
etching (RIE) based on argon and oxygen (80:20) pro- 
vides good results without influencing the overall quality 
of the graphene flake [sil]. After etching and removing 
the residual EBL resist, the graphene nanostructures are 
contacted by an additional EBL step, followed by metal- 
ization and lift-off. Here we evaporated 5nm chromium 
(Cr) and 50 nm gold (Au) to contact the graphene quan- 
tum dot and charge detector devices. 
An atomic force microscope image of one of the mea- 
sured devices is shown in Figure[Ha), where the graphene 
structures (bright areas) resting on Si02 (dark areas) are 
highlighted by white dashed lines. The smaller bumps 
increasing the surface roughness are most likely due to 
PMMA residues. The bilayer graphene QD device con- 
sists of two 25-30 nm wide and 75 nm long graphene con- 
strictions separating source (s) and drain (d) contacts 
from the central quantum dot. The bilayer graphene 
quantum dot has a diameter of approximately 100 nm. 
The two constrictions and the island are electrostatically 
tuned by three gates, i.e. the left and right gate (Ig 
and rg) and a central gate (eg) respectively. The highly 
doped silicon back gate (bg) additionally allows to adjust 
the overall Fermi level. Moreover a 30 nm wide bilayer 
graphene nanoribbon is placed approximately 35 nm next 
to the island, which acts as a charge detector, as shown 
below. In Figure 1(b) we illustrate the capacitive model 
of the device allowing (i) to describe the operation of the 
coupled graphene device and (ii) to discuss the measure- 
ments. 

The Raman spectrum shown in Figure 1(c) proves that 
the investigated device is indeed made of a bilayer 
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FIG. 1. (a) Atomic force microscope (AFM) image of the measured device. The dashed hnes highhght the contours of the 
graphene (hght gray), (b) Capacitive model for the analysis of the quantum dot charge detector system, (c) Raman spectrum 
of the measured device. The 2D-peak is highlighted in the inset. (d,e) Back gate characteristics of the quantum dot (d) and 
the charge detector (e) device {Vb,QD = 2mV, Vb,cD = 0.5 mV and T 4K). 



graphene flake. In contrast to single-layer graphene four 
Lorentzians are needed to successfully fit the Raman 2D- 
peak (see inset in Figure 1(c)). The FWHM of the 2D- 
peak is 58.2 cm~^ with a 19.2 cm~^ spacing of the two 
inner Lorentzian peaks which in combination with the 
shoulder on the left side (see arrow in the inset of Fig- 
ure 1(c)) provides a good finger print for the bilayer na- 
ture [2i,[30j. 



III. MEASUREMENTS 

The measurements have been performed in a pumped 
^He system with a base temperature of 1.4 K and in a 
dilution refrigerator. We have measured the two-terminal 
conductance through the bilayer graphene quantum dot 
and charge detector by applying a symmetric DC bias 
voltages while measuring the current through the devices 
with a resolution below 50 fA. 



A. Device Characterization 

To characterize the quantum dot and charge detector 
device on a large energy scale, back gate characteristics 
are recorded. Figures 1(d) and 1(e) show the source- 
drain currents as a function of the back gate voltage (at 
a temperature of approximately 4K) for the QD (Fig. 
1(d)) and the CD (Fig. 1(e)) devices respectively. In 
both cases we observe a so-called transport gap [7] for 
large back gate values. For the QD we observe the trans- 
port gap for Vbg > 40 V while for the CD the gap appears 
at Vbg > 60 V (at H,qd = Vb^cD = 0.5 mV). For lower 
back gate voltages transport is hole-dominated and the 



different p-doping of the QD and CD is most likely due 
to atmospheric O2 binding The large-scale current 
fluctuations in the transport gap region of the QD device 
are due to local resonances in the graphene constrictions 
acting as tunnel barriers (TB). In Figure 2(a) we show 
Coulomb diamonds, i.e. differential conductance mea- 
surements of the dot {Gqd = dlqn / dV^^QD) as function 
of bias voltage V^^qd and back gate voltage V^g from a 
different cool down, where the transport gap was shifted 
to lower back gate voltages. From the diamond extent 
in bias direction and the slope of the Coulomb diamond 
edges a charging energy of Ec = 4.7 ± 0.1 me V and a 
back gate lever arm of ai^g ^ 0.093 are extracted. 
By focusing on a larger back gate voltage range of 1 V and 
stepping the central gate voltage (shown in Fig. 2(b)) 
large-scale current fluctuations caused by transmission 
modulations in the TB and Coulomb blockade resonances 
in the QD are resolved. The TB induced resonance can be 
distinguished from the dot resonances by its larger width 
and its different slope given by acg^TB / OLhg.TB = 0.197 
(dashed line) compared to acg^QD / <^bg,QD = 0.266 (solid 
line). This increased slope is due to the larger distance of 
the graphene constrictions (i.e. TB) to the central gate 
as compared to the dot-cg distance. By also measuring 
such a map for the current through the CD (Fig. 2(c)) we 
observe that the CD resonances used for detection exhibit 
an even steeper slope o^cg.CD / ochg.CD = 0.030, which is 
due to the even larger detector-central gate distance. 



B. Charge Detection 

For studying the electrostatic coupling of the CD and 
the QD device the back gate voltage is set to = 
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FIG. 2. (a) Differential conductance (Uqd /dVh^QD plotted as a function of the back gate Vhg and bias Vb,QD- (b)/(c) Source- 
drain current through the QD/CD as a function of the back gate Vbg and central gate Vcg for constant bias Vij^qd/cd — 0-5 mV. 
Current through the (d) quantum dot and through the (e) charge detector Icd as a function of the central gate Vcg. The back 
gate is fixed at Vbg = 60 V at a temperature of T IK. 



GOV in order to operate both devices in the transport 
gap regime (see Figs. l(d,e)). The current through the 
QD shows clear Coulomb blockade resonances as a func- 
tion of the central gate voltage Vcg {Vb^QD = 0.5 mV; see 
Figure 2(d)). The almost equal Coulomb peak spacing 
of AVcg = 129.5 ± 7.3 mV is extracted from 24 charging 
events. Compared to Figure 2(a) this data are from a 
different cool down, leading to a different relative lever 
arm. The different heights of the Coulomb peaks are 
most likely due to transmission modulations originated 
by the graphene constrictions acting as TBs [l3j . 
In Figure 2(e) we show the current through the CD 
which has been measured at the very same time (Vb^cD 
= 0.5 mV). The resonance of the CD appears much more 
broadened as a consequence of the smaller lever arm com- 
pared to the QD. Furthermore, we observe on top of the 
peak-shaped CD resonance conductance steps that are 
well aligned (see dotted lines) with single charging events 
on the nearby QD. This is a clear signature of the capac- 
itive coupling between the QD and the CD. Whenever 
an extra electron is added to the dot it changes the elec- 
trostatic surrounding of the CD which leads to a sharp 
step in the CD current. From an analysis of more than 
30 charging events, an average shift of the CD resonance 
in central gate voltage of AVcg^cd = 66.7 ± 7.9 mV is 
obtained (see label in Fig. 2(e)). These shifts (i.e. cur- 
rent steps) are also visible in regimes where the Coulomb 
peaks are strongly suppressed and cannot be measured 
directly by the QD current (see most left dashed Hues in 
Figs. 2(d) and 2(e)). 

The charge sensitivity of the bilayer graphene charge de- 
tector is approx. 3 • 10~^ e/>/Hz, where the band with is 
limited by our low noise amplifiers (A/ = 650 Hz). 



C. Temperature Dependence 

To investigate the influence of the temperature on 
the charge detector operation we measured the current 
through the QD and CD as function of the central gate 
and different mixing chamber temperatures, Tmc (see 
Figure 3). With increasing temperature (see labels in 
Fig. 3) the broadening of the Coulomb peaks is increas- 
ing leading to Coulomb oscillations at elevated tempera- 
tures. The charge detection signal, in particular the cur- 
rent steps exhibit also a significant temperature broad- 
ening but they are still visible for temperatures up to 
4K. Moreover it should be noted that the TB transmis- 
sion is also affected by the increasing temperature. The 
Coulomb peaks have successfully been fitted by the fol- 
lowing relation ^] , 



HVcg.TE) 



cosh^ acg{Vcg-VcT l/^kBTE 



(3.1) 



where VpJ''^^ 



is the position of the Coulomb peak and 
Te the electron temperature of the system. The average 
values of the electron temperature are shown in Table 1 
for a central gate lever arm of acg = 0.034, which has 
been extracted independently. 



IV. CONCLUSION 

In summary, we demonstrated the functionality of a 
bilayer graphene quantum dot with an integrated charge 
detector based on a nearby nanoribbon. We confirm the 
detection of charging events in regimes where Coulomb 
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FIG. 3. (a),(b) The current through the quantum dot (black) and charge detector (red) is plotted as function of central gate 
voltage for different temperatures measured at the mixing chamber. For clarity reasons the current of the CD is divided by 
100. Additionally an offset of 4pA is added in panel (a) for clarity. 



TABLE I. Electron temperature extracted from fitting the data shown in Figure 3. 



Base Temperature Tmc (K) 


3.7 


3.1 


2.6 


2.1 


1.7 


1.0 


Electron Temperature Te (K) 


(3.76 ± 0.28) 


(3.18 ± 0.31) 


(2.66 ± 0.36) 


(2.13 ± 0.21) 


(1.78 ± 0.25) 


(1.20 ± 0.18) 



blockade resonances can hardly be measured or resolved 
because the current levels are below the current resolu- 
tion. In contrast to state-of-the-art quantum-point con- 
tact charge detectors, we do not make use of quantized 
conductance plateaus. We rather use local resonances 
in the bilayer graphene nanoribbon to detect individual 
charging events, very similar as it has been done in single- 
layer graphene devices [HI . This technique is considered 
to play an important role for the investigation of future 



bilayer graphene quantum dots and in particular double 
quantum dots, where spin-qubit states may become ac- 
cessible. 
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